The cell adhesion molecule L1 plays important roles in the developing and adult nervous system. Results: L1 is cleaved by myelin basic protein (MBP) yielding a L1 fragment that promotes L1-dependent functions. Conclusion: L1 functions in the nervous system depend on MBP. Significance: Study of the L1 and MBP functions may contribute to understanding the pathogenesis of demyelinating and neurodegenerative diseases.
The cell adhesion molecule L1 is a Lewis x -carrying glycoprotein that plays important roles in the developing and adult nervous system. Here we show that myelin basic protein (MBP) binds to L1 in a Lewis x -dependent manner. Furthermore, we demonstrate that MBP is released by murine cerebellar neurons as a sumoylated dynamin-containing protein upon L1 stimulation and that this MBP cleaves L1 as a serine protease in the L1 extracellular domain at Arg 687 yielding a transmembrane fragment that promotes neurite outgrowth and neuronal survival in cell culture. L1-induced neurite outgrowth and neuronal survival are reduced in MBP-deficient cerebellar neurons and in wild-type cerebellar neurons in the presence of an MBP antibody or L1 peptide containing the MBP cleavage site. Genetic ablation of MBP in shiverer mice and mutagenesis of the proteolytically active site in MBP or of the MBP cleavage site within L1 as well as serine protease inhibitors and an L1 peptide containing the MBP cleavage site abolish generation of the L1 fragment. Our findings provide evidence for novel functions of MBP in the nervous system.
Development of the nervous system and its correct functioning in the adult depend on many cellular features, such as cell proliferation and migration, neuronal survival and programmed cell death, neuritogenesis, synapse formation, and synaptic plasticity. The protein backbones and distinct carbohydrate structures of cell adhesion molecules participate in these important cellular events (1) (2) (3) . In particular, recognition molecules at the cell surface and in the extracellular matrix contribute to these events, and among these the immunoglobulin superfamily member L1 has been implicated in all these functions. L1 is a transmembrane cell surface glycoprotein and is not only a glycan-carrying but also a glycan binding cell adhesion molecule (4 -7) that plays a crucial role in neuronal cell migration and survival, neurite outgrowth, axon guidance and fasciculation, myelination, synaptic plasticity, and regeneration after injury (1, 2, 8 -10) . In addition, it is associated with neural disorders, such as the L1 syndrome, fetal alcohol syndrome, and schizophrenia as well as Alzheimer, Parkinson, Huntington, and Hirschsprung diseases (2, 9 -15) . Besides other functionally important glycan residues, L1 carries the Lewis x glycan epitope (Le x ), 3 which has been implicated in cell adhesion and migration as well as neurite outgrowth (6, 16 -18) .
In search of binding partners for the Le x glycan, we identified myelin basic protein (MBP) as a Le x -binding protein and show that it interacts with L1 in a Le x -dependent manner. MBP is a major structural component of mature myelin and is implicated in formation, compaction, and maintenance of myelin (19, 20) . Different MBP isoforms originate from a gene complex called golli (gene in the oligodendrocyte lineage), which in mice comprises 11 exons and includes the 7 exons coding for the socalled classic MBP proteins (19, 21, 22) . Golli and MBP proteins are generated from different transcription start sites and are encoded by different exons (19, 21, 22) . The different MBP proteins are expressed in the central and peripheral nervous system, whereas the golli proteins are found in both the immune and nervous system but not in compact myelin. The importance of MBP proteins for myelination is well exemplified by the severe phenotype of the naturally occurring MBP-deficient shiverer mutant mouse, which lacks most of the compact myelin structures in the central nervous system (23, 24) .
In trying to identify the molecular binding partners of L1 on myelin-forming cells, we found abnormalities in L1 proteolytic night with 0.1 units of PNGase F and 0.5% CHAPS at 37°C. For defucosylation, it was resuspended in 250 mM sodium phosphate (pH 5.0) and incubated with 2 milliunits of ␣-(1-3,4)fucosidase overnight at 37°C. For the protease assay, 1 g of brain L1 and 2 g of bovine MBP were incubated overnight at 37°C in 30 l of PBS containing 1 mM CaCl 2 and 1 mM MgCl 2 without or with 15 g of aprotinin (5.4 trypsin inhibitory units/mg).
Binding Assays-ELISA using 5 g/ml brain L1, L1-Fc, or MBP in TBS as substrate coats, different concentrations of MBP, brain L1, or L1-Fc in PBS as soluble binding partners, and L1 antibody 555 or pan-MBP antibody, HRP-coupled secondary antibodies (Dianova), and o-phenylenediamine dihydrochloride (Thermo Fisher Scientific) for detection of binding was described (7) . Peak wavelength shift of reflected light was measured in a label-free binding assay using BIND Technology (SRU Biosystems), a 384-well plate with a TiO 2 biosensor surface for substrate-coating, and soluble binding partners (32) .
Immunocytochemistry-Dissociated murine cerebellar neurons were prepared from 6 -8-day-old mice and maintained on poly-L-lysine for 24 h in serum-containing medium. For MBP surface immunostaining, pan-MBP antibody was added to live cells and incubated for 30 min at 4°C. For double immunostaining of MBP and L1, cells were incubated with serum-free medium for 4 h, with L1 antibody 557 or 555 for 30 min, and with pan-MBP antibody for 20 min at 37°C. After fixation with 4% paraformaldehyde for 30 min and blocking with 2% BSA in PBS for 1 h at room temperature, cells were incubated with Cy2-or Cy3-conjugated secondary antibodies in PBS for 2 h at room temperature. For double immunostaining of MBP and ␤III-tubulin, fixed cells were incubated in 2% BSA, 0.3% Triton X-100 in PBS for 1 h at room temperature followed by incubation with pan-MBP and ␤III-tubulin antibodies in PBS for 2 h at room temperature and with Cy2-or Cy3-conjugated secondary antibodies in PBS for 1 h at room temperature. Coverslips were embedded in Aqua-Poly/Mount (Polysciences) or Roti-Mount FluorCare DAPI (Carl Roth), and confocal images were taken with an Olympus Fluoview FV1000 confocal laser scanning microscope.
Neurite Outgrowth and Neuronal Cell Survival-Preparation and analysis of cerebellar neurons from 6 -8-day-old mice were described, and cells were cultured in chemically defined serumfree medium (33) . Neurite outgrowth was quantified 24 h after seeding by measuring total neurite length of at least 100 neurons per condition using an AxioVision system 4.6 (Carl Zeiss). Glycans (10 M), Le x peptide (16) and scrambled peptide (100 g/ml), glycan-specific antibodies (10 g/ml), and aprotinin (0.03 trypsin inhibitory units/ml) were added 1 h (neurite outgrowth) or 15 h (cell survival) after cell seeding. For induction of cell death, hydrogen peroxide (10 M) or sodium glutamate (100 M) was added 16 h after plating. After an additional 24 h, cells were treated with 1 g/ml calcein AM (Molecular Probes) and 1 g/ml propidium iodide (Sigma) for 1 h at 37°C. Viability of cells was assessed by counting the numbers of calcein versus propidium iodide-positive cells. Twelve randomly chosen areas of a microscopic field (20ϫ magnification) from three wells per treatment and experiment were counted.
Site-directed Mutagenesis of L1 and Transfection of HEK293
Cells-Site-directed mutagenesis and transfection of HEK293 cells were described (9) . For mutation of R687A (L1 R/A ) or of F686L/R687A (L1 FR/LA ), the following primers were used: fw R/A (5Ј-CCC TAT GTC CAC TAC ACC TT T GCG GTC  ACT GCC ATT AAC AAA TAT-3Ј) and rev R/A (5Ј-GTT AAT  GGC AGT GAC CGC AAA GGT GTA GTG GAC ATA GGG GGA CAG-3Ј); fw FR/LA (5Ј-CCC TAT GTC CAC TAC ACC CTT GCG GTC ACT GCC ATT AAC AAA TAT-3Ј) and rev FR/LA (5Ј-GTT AAT GGC AGT GAC CGC AAG GGT GTA GTG GAC ATA GGG GGA CAG-3Ј).
Site-directed Mutagenesis of MBP and Transduction of Neurons with Red Fluorescent Protein (RFP)-MBP-encoding Adenoassociated Virus 1 (AAV1) Vectors-For site-directed mutagenesis of Ser 139 and Ser 176 in MBP to Ala 139 and Ala 176 , the following primers and a vector coding for RFP N-terminally fused to the murine 21.5-kDa MBP (34) were used: fw139 (5Ј-GGC CTG TCC CTC AGC AGA TTT GCC TGG GGG GCC GAG GGG CAG AAG CCA G-3Ј) and rev139 (5Ј-CCC CTC GGC CCC CCA GGC AAA TCT GCT GAG GGA CAG GCC TCT CCC-3Ј); fw179 (5Ј-TAC GAC GCC CAG GCC ACG CTT GCC AAA ATC TTT AAG CTG GGA GGA-3Ј) and rev179 (5Ј-CAG CTT AAA GAT TTT GGC AAG CGT GCC CTG GGC GTC GTA GGC CCC-3Ј).
For subcloning of RFP-tagged wild-type and mutated MBP into pAAV-MCS vector (Cellbiolabs; CMV promoter) via an SalI restriction site using the InFusion Cloning kit (Clontech), PCR amplification with Phusion Polymerase (New England Biolabs) and the following primers was performed: fw (5Ј-ATC-CTCTAGAGTCGAC ATG GTG AGC AAG GGC GAG GAG-3Ј) and rev (5Ј-GCTTCTGCAGGTCGAC TCA GCG TCT CGC CAT GGG-3). AAV1 pseudotyped vectors were generated by co-transfection of HEK293-AAV cells (Cellbiolabs) with the particular pAAV transfer plasmid (Cellbiolabs) and the AAV packaging plasmid pDP1rs (a kind gift from Jürgen Kleinschmidt, DKFZ Heidelberg, Germany), which provides the AAV2 rep and AAV1 cap genes and adenoviral helper functions (35) . Generation of recombinant AAV1 particles was carried out as described previously (36) with some modifications. Briefly, 1 ϫ 10 7 HEK293-AAV cells were transfected with 17.5 g of pDP1rs and 4.5 g of pAAV plasmid per plate complexed with Max-polyethyleneimine (PEI, Polysciences) at a PEI:DNA ratio of 3:1 (37) . After 72 h cells were harvested, washed 3 times with PBS, and resuspended in 5 ml of lysis buffer (50 mM Tris base, 150 M NaCl, 5 mM MgCl 2 (pH 8.5)). After three freezethaw cycles, lysates were incubated with 250 units/ml Benzonase (Merck) for 1 h at 37°C. Cell debris was pelleted, and vector containing lysates were purified using iodixanol step gradients and ultrafiltration (Amicon: Ultra Cartridges, 50 M r cutoff). The genomic titers of DNase-resistant recombinant AAV particles were determined after alkaline treatment and subsequent neutralization by quantitative PCR (50°C for 2 min and 95°C for 10 min followed by 35 cycles of 95°C for 15 s and 60°C for 60 s) using the SYBR Green qPCR Master MIX 2 (Thermo-Scientific), CMV promoter sequences (5Ј-GGCGGAGTTGT-TACGACAT-3Ј and 5Ј-GGGACTTTCCTACTTGGCA-3Ј), and an ABI PRISM 7900HT cycler (Applied Biosystems). pAAV-MCS plasmid was used as a copy number standard, and calculations were done using the SDS 2.4 software (Applied Biosystems).
For viral transduction, AAV1 carrying RFP-tagged wild-type and mutant MBP were incubated at a 1000-fold multiplicity of infection with MBP-deficient cerebellar neurons for 24 h in culture medium (Neurobasal A supplemented with 10% fetal calf serum, 1 mM sodium pyruvate, 2 mM L-glutamine, 4 nM L-tyrosine, 1ϫ B27 supplement, 10 g/ml BSA, 100 g/ml transferrin, 10 g/ml insulin, 10 ng/ml selenium, 50 units/ml penicillin, and 50 units/ml streptomycin).
In Situ Hybridization-The templates for the synthesis of cRNA hybridization probes were amplified by PCR using the vector coding for murine 21.5-kDa MBP (34), the forward primers 5Ј-TAATACGACTCACTATAGGGAGA atg gca tca cag aag aga ccc tc-3Ј or 5Ј-TAATACGACTCACTATAGGGAGA gtg aca cct cga aca cca cct cc-3Ј, both containing the T7 promoter (capital letters), and the reverse primers 5Ј-tca gcg tct cgc cat ggg aga tc-3Ј or 5Ј-cag ctt aaa gat ttt gga aag cgt gcc-3Ј. For the preparation of the fluorescently labeled probes the FISH Tag TM RNA kit (Invitrogen) and Alexa Fluor 488 dye were used, and hybridization was done as suggested in the manufacturer's manual.
In Utero Injection of Viral Particles and Explant Culture-After exposure of the uterine horns, AAV1 carrying wild-type MBP or mutated MBP (1 l; 4.5 ϫ 10 5 virus particles) were in utero-injected into the brain ventricle system of 13.5-day-old shiverer embryos. On postnatal day 5.5, cerebellar explant cultures were prepared and analyzed as described (10) . Briefly, explants were maintained on Matrigel (BD Biosciences) diluted 1:3 in serum-free medium for 1 h followed by incubation in serum-free medium, fixation, and staining. Total neurite lengths per explant and the number of migrating cells for 10 explants per group and animal were determined using the OLYMPUS FV1000 imaging system (Olympus, Hamburg, Germany) and AxioVision 4.6 software (Carl Zeiss, Oberkochen, Germany).
RESULTS

Identification of MBP as a Le x -binding
Protein-To identify novel neural Le x binding partners, we screened a phage display library of human brain proteins using BSA-conjugated Le x glycan as bait, BSA-conjugated Lewis a glycan (Le a ) for exclusion of non-specifically bound phages, and Le x -specific antibody L5 for phage elution. After panning, we identified among the clones that bound to Le x , but not to Le a , a clone that contained a cDNA coding for amino acids 121-304 of the MBP-golli isoform 1 (also known as HOG7, homologous to J37 in the mouse) (38) . This result suggests that MBP binds to Le x -carrying proteins.
Binding of MBP to L1 Depends on Le x -carrying N-Glycans-Because L1 carries Le x and is involved in Le x -dependent neurite outgrowth (4 -6), we investigated whether MBP binds to L1 in a Le x -dependent manner. To this aim, L1 immunopurified from early postnatal mouse brains, recombinant L1 consisting of the extracellular L1 domain and human Fc (L1-Fc), and MBP from bovine brain were used in binding assays. L1-Fc does not carry Le x glycans as it was expressed in Le x -negative CHO cells (39) . Western blot analysis of brain L1 with the Le x -specific antibody revealed that the 200-kDa full-length L1 (L1-200) and the 140-kDa L1 fragment (L1-140) (40) carry Le x , whereas no Le x -positive bands were seen after removal of N-linked glycans or terminal fucose residues by PNGase F or ␣1-3,4-fucosidase treatment ( Fig. 1A) , showing that mouse brain L1 carries Le x glycans in N-glycosidic linkage. Silver staining showed that similar amounts of L1-200 and L1-140 were detectable in the untreated sample and after ␣1-3,4-fucosidase treatment ( Fig.  1A ). After PNGase F treatment, L1-200 and L1-140 bands were shifted to 150 and 95 kDa, but the amounts of these bands correlated with those of the L1-200 and L1-140 bands in the untreated sample.
By ELISA, MBP showed a concentration-dependent binding to substrate-coated Le x -carrying brain L1 but not to Le x -lacking L1-Fc ( Fig. 1B) . Moreover, concentration-dependent binding of brain L1, but not L1-Fc, to substrate-coated MBP was observed both in ELISA and a label-free binding assay ( Fig. 1 , C and D). In the label-free assay, the synthetic Le x -mimicking peptide (Le x peptide) showed a concentration-dependent binding to substrate-coated MBP (Fig. 1E ), and binding of brain L1 to substrate-coated MBP was inhibited by the Le x glycan and Le x peptide but not by N-acetyllactosamine, the Le a glycan, or a scrambled version of the Le x peptide (scrambled Le x peptide) ( Fig. 1F ). These results show that MBP binds to brain L1 via Le x .
The MBP-induced and L1-mediated Neurite Outgrowth and Neuronal Survival Are Le x -dependent-To determine the functional relevance of the interaction between L1 and MPB in the brain, neurite outgrowth experiments with cerebellar neurons from wild-type or L1-deficient mice were performed in the absence or presence of MBP. The total neurite lengths of wildtype neurons were increased in the presence of MBP when compared with neurite lengths observed in its absence. Neurite outgrowth of L1-deficient neurons was not promoted by MBP ( Fig. 2A) , indicating that L1 is required for MBP-triggered neurite outgrowth.
Next, we examined whether the L1-dependent effect of MBP on neurite outgrowth is Le x -dependent. To competitively block binding of MBP to Le x -carrying L1 at the cell surface and, thus, to inhibit MBP-induced neuritogenesis, Le x antibody, glycan, and peptide were used. As controls, we used the glycans Le a and N-acetyllactosamine, scrambled Le x peptide, and antibodies directed against oligomannoses and the HNK-1 glycan, which are also carried by brain L1. MBP-enhanced neurite outgrowth was not observed in the presence of Le x -specific antibody, peptide, or glycan when compared with neurite outgrowth in their absence or in the presence of Le a , N-acetyllactosamine, scrambled Le x peptide, and antibodies against the glycans HNK1 or oligomannose (Fig. 2B ). These results indicate that the effects of MBP on neurite outgrowth are mediated by a Le x -dependent interaction between MBP and L1.
Because L1 has been shown to be neuroprotective (33, 41), we tested whether this L1-dependent function is affected by MBP. To this aim, survival of cultured cerebellar neurons after oxidative or glutamate stress was analyzed. The number of viable wild-type cerebellar neurons after hydrogen peroxide or glutamate treatment was increased in the presence of MBP relative to the number determined in its absence ( Fig. 3A and B) . The protective effect of MBP on L1-deficient neurons was less pronounced when compared with the effect on wild-type neurons ( Fig. 3A) , indicating that neuroprotection by MBP is mainly, but not completely, mediated by L1. However, MBPpromoted neuronal survival was completely blocked by the Le x peptide and glycan, but not by the Le a glycan or scrambled Le x peptide ( Fig. 3B) , indicating that the neuroprotective effect of MBP depends on Le x . The combined results indicate that MBP not only promotes L1-dependent neurite outgrowth of cerebellar neurons, but also protects cerebellar neurons from hydrogen peroxide-induced oxidative stress and glutamate excitotoxicity.
MBP Acts as a Serine Protease That Cleaves L1 and Modulates L1-dependent Functions-It has been shown that L1 is cleaved by different proteases and that proteolytic processing of L1 is involved in regulation of L1-dependent neurite outgrowth (9, 40, 42) . Because MBP modulates L1-induced neurite outgrowth and neuronal survival and has an autocatalytic serine protease activity (43) as well as proteolytically degrades amyloid-␤ (44), we hypothesized that MBP may cleave L1 to modulate L1-dependent functions. To test this possibility, we investigated whether ablation of MBP affects proteolytic processing of L1 by determining the levels of full-length L1 and L1 fragments in crude axolemma-containing myelin fractions from brains of wild-type mice and MBP-deficient shiverer mice. Western blot analysis using antibody 555 directed against an extracellular epitope between the second and third fibronectin type III (FnIII) domains of L1 showed that the levels of fulllength L1-200 and its proteolytic 140-and 180-kDa fragments (L1-140 and L1-180) were similarly present in myelin fractions from wild-type and MBP-deficient mice (Fig. 4A ). This observation indicates that MBP neither affects L1 expression nor the proteolytic processing by plasmin, PC5a, metalloproteases, or neuropsin, which generate L1-140 or L1-180 (40, 45, 46) . Interestingly, a 70-kDa L1 fragment (L1-70) was detectable in the myelin fraction from wild-type mice but not in the crude myelin fraction from shiverer mice ( Fig. 4A ), implying that MBP is involved in the regulation of proteolytic processing of L1 resulting in generation of L1-70. Also, the L1 antibody 172-R directed against the intracellular domain of L1 recognized L1-70 in the wild-type but not in the MBP-deficient myelin fraction ( Fig. 4A ).
L1-70 is generated in cerebellar neurons by a serine protease that is unidentified so far (9) . To analyze whether MBP acts as a serine protease that cleaves L1 to generate L1-70, purified MBP was incubated with brain L1 in the absence or presence of the serine protease inhibitor aprotinin. L1-70 was detected by monoclonal L1 antibodies reacting with its intracellular and extracellular domains (Fig. 4B ). The addition of MBP increased the levels of L1-70, whereas this increase was not observed in the presence of aprotinin (Fig. 4B) . These results indicate that MBP acts as a serine protease that cleaves brain L1.
To further substantiate this notion, we treated crude myelin fractions from wild-type or MBP-deficient brains with MBP and aprotinin. Western blot analysis revealed that L1-70 was not detectable in the fraction from wild-type mice at the proteolysis inhibiting temperature 4°C ( Fig. 4C ). Small amounts of the fragment were observed upon incubation at 37°C, whereas L1-70 levels were drastically enhanced by incubation at 37°C in the presence of MBP, and the corresponding level of fulllength L1-200 decreased (Fig. 4, C and D) . L1-70 was not detectable in crude myelin of MBP-deficient mice upon incubation at 37°C in the absence of MBP ( Fig. 4D ), whereas it was seen upon the addition of MBP (Fig. 4D ). Enhancement of L1-70 levels by MBP in the wild-type myelin fraction was reduced by aprotinin, and the MBP-mediated generation of L1-70 in the MBP-deficient fraction was completely abolished by aprotinin ( Fig. 4D ). These results show that MBP and its serine protease activity are required for the generation of L1-70.
We further analyzed whether MBP promotes generation of L1-70 in cultured cerebellar neurons and observed that the addition of MBP triggered the generation of L1-70 and decrease of L1-200 levels ( Fig. 4E ), whereas aprotinin abolished the MBP-mediated generation of L1-70 from L1-200 ( Fig. 4E ). Interestingly, in the presence of the aspartyl protease inhibitor pepstatin, an increase in the L1-70 levels was observed ( Fig.  4E ), suggesting that pepstatin may inhibit an aspartyl protease that consecutively cleaves L1-70. The combined results indicate that MBP has serine protease activity and that it cleaves L1 to generate the recently described transmembrane 70-kDa L1 fragment (9) .
To address the question of whether the serine protease activity of MBP is necessary for L1-dependent functions, cellular responses were determined in the absence and presence of MBP and aprotinin. MBP-enhanced neurite outgrowth of cerebellar neurons was abolished in the presence of aprotinin, whereas aprotinin did not alter neurite outgrowth in the absence of MBP (Fig. 4F ). The MBP-enhanced neuroprotection against stress through hydrogen peroxide and glutamate was also diminished by aprotinin, whereas the metalloprotease inhibitor GM6001 had no effect (Fig. 4G) . These results imply that the promotion of cellular responses by MBP depends on MBP serine protease activity. 
L1-induced Cellular Functions Depend on MBP-We
showed that exogenously applied MBP promotes L1-dependent neurite outgrowth and protects cerebellar neurons from insult by hydrogen peroxide and glutamate excitotoxicity. To investigate whether these L1-mediated functions depend on endogenous MBP, we determined whether L1-induced neurite outgrowth and survival of cerebellar neurons are affected by blocking of endogenous MBP functions using the pan-MBP antibody or by ablation of MBP. Stimulation of L1 signaling in wild-type cerebellar neurons by the addition of brain L1 or function-triggering L1 antibody 557 (28) led to an increase in neurite lengths when compared with values observed in their absence, whereas neurite outgrowth from MBP-deficient neurons was only slightly increased by brain L1 and L1 antibody (Fig. 5A ). Promotion of neurite outgrowth from wild-type neurons by brain L1 or antibody 557 was less pronounced in the presence of a pan-MBP antibody in comparison to that determined in its absence and was similar to that of MBP-deficient neurons observed in the presence of brain L1 or antibody 557 ( Fig. 5A ). Interestingly, exogenous MBP enhanced neurite outgrowth of wild-type and MBP-deficient neurons to the same extent ( Fig. 5A ).
Upon stimulation of L1 signaling by function-triggering L1-Fc or antibody 557, wild-type cerebellar neurons were more resistant to hydrogen peroxide or glutamate toxicity than nontreated neurons or neurons treated with Fc or non-immune control antibody (Fig. 5, B and C) . In contrast, L1-Fc had only a slight effect, and the L1 antibody had no effect on survival of MBP-deficient cerebellar neurons (Fig. 5, B and C) . The combined results show that L1-induced neurite outgrowth and survival of cerebellar neurons depend on endogenous MBP and that ablation or blocking of endogenous MBP function(s) impairs L1-induced cellular functions.
MBP Is Expressed by Cerebellar Neurons and Associates with L1 at the Cell Surface-Because L1-triggered neurite outgrowth and survival of cerebellar neurons depends on endogenous MBP, we concluded that MBP is expressed by cultured cerebellar neurons and released into the extracellular space, where MBP cleaves L1 to regulate L1-induced cellular functions. To test this assumption we performed immunostaining of live cerebellar neurons. First, the specificity of the pan-MBP antibody was validated by Western blot analysis of brain homogenates from wild-type and MBP-deficient mice. The pan-MBP antibody recognized three major bands of ϳ14, 18, and 21 kDa in the homogenate of wild-type brains, whereas no bands were detectable in the homogenate of MBP-deficient brains from shiverer mice (Fig. 6A) , demonstrating that the antibody is MBP-specific. A pronounced punctate MBP staining at the neuronal cell surface was observed when this antibody was used for immunocytochemistry of live cerebellar cells in culture (Fig.  6B ), which consist of well more than 95% neurons and contain less than 0.5% immature oligodendrocytes that do not express MBP. These results indicate that MBP is present extracellularly and suggests that MBP is released from cerebellar neurons.
To test whether MBP is released from cerebellar neurons upon L1 stimulation, wild-type and MBP-deficient cerebellar cell cultures were treated with function-triggering L1 antibody 557 or with L1 antibody 555, which does not trigger L1 func-tions (28) . Pronounced MBP surface immunostaining and partial co-localization of L1 and MBP at the cell surface of wildtype, but not MBP-deficient cells, was found after treatment with antibody 557 (Fig. 6, C and D) . In contrast, no co-localiza- tion of MBP and L1 and weak MBP surface immunostaining were observed in wild-type cells after treatment with antibody 555 (Fig. 6D) , indicating that MBP is released from cerebellar neurons upon L1 stimulation. To verify that the MBP-expressing cells represent neurons, cerebellar cell cultures were subjected to immunostaining with pan-MBP antibody and an antibody against the neuron-specific marker ␤III-tubulin. In cultures of wild-type cells, the vast majority of the cells (Ͼ90%) were MBP-and ␤III-tubulin-positive, whereas in cultures of MBP-deficient cells, all ␤III-tubulin-positive were MBP-negative (Fig. 6E ). This result shows that cultured cerebellar neurons express MBP.
To confirm the expression of MBP in cerebellar neurons in vitro and in vivo, we performed in situ hybridization using brain tissue or cultured cerebellar neurons from wild-type and MBPdeficient mice. The MBP probe comprising the entire cDNA sequence coding for the 21.5-kDa MBP isoform detected MBP mRNA in cultured wild-type granule neurons, whereas no MBP mRNA was detectable in MBP-deficient neurons (Fig. 7, A-E) . Staining with ␤III-tubulin antibody confirmed that the MBPexpressing cells represent neurons (Fig. 7B) . MBP mRNA was also detected in ␤III-tubulin positive wild-type neurons when using a MBP probe comprising exon IV-VI of the MBP gene (21) , whereas no MBP mRNA was detected in ␤III-tubulin positive MBP-deficient neurons (Fig. 7, C and D) . This result demonstrates that MBP is expressed in cerebellar neurons.
Using the MBP probes on brain tissue cyrosections from 6-day-old wild-type and MBP-deficient mice, MBP mRNA expression was observed in wild-type cerebella but not in MBPdeficient cerebella (Fig. 7, E-I) . MBP mRNA was not only seen in granule precursor cells in the external granular layer and in granule neurons in the internal granular layer but also in other neurons such as Purkinje cells and interneurons (Fig. 7, E and  G) . The expression of MBP mRNA in wild-type cerebella coincided with the expression of ␤III-tubulin (Fig. 7I) . These results demonstrate that MBP is not only expressed in cerebellar neurons in vitro but also in vivo.
Cerebellar Neurons Release a 60-kDa MBP Form That Cleaves L1-To further analyze the expression of MBP by cerebellar neurons, cultured wild-type and MBP-deficient cerebellar neurons were subjected to Western blot analysis using the pan-MBP antibody. Several major MBP-positive bands ranging from ϳ14 to 21 kDa were detectable in cell lysates of wild-type cerebellar neurons, whereas no bands were detected in the lysates of cerebellar neurons from MBP-deficient shiverer mice (Fig. 8A ). This result confirms that cerebellar neurons express MBP.
To investigate whether MBP is released from cerebellar neurons, wild-type cerebellar neurons were subjected to cell surface biotinylation and immunoprecipitation with the pan-MBP antibody. Western blot analysis of the MBP immunoprecipitates using HRP-conjugated streptavidin revealed that only one protein band of ϳ60 kDa was detected as biotinylated protein (Fig. 8B) , indicating that MBP is present at the cell surface of cerebellar neurons with an apparent molecular mass of ϳ60 kDa. To characterize this 60-kDa MBP form and its release, cell culture supernatants from wild-type and MBP-deficient cerebellar neurons after treatment with the function-triggering L1 antibody 557 or with non-immune control antibody were subjected to immunoprecipitation with a pan-MBP antibody. Western blot analysis of the MBP immunoprecipitates using an MBP antibody directed against exon II-encoded sequences showed only the 60-kDa MBP form in the cell culture supernatant of wild-type neurons after stimulation with the L1 antibody, whereas no band was seen when the control antibody was applied (Fig. 8C ). No immunoreactive band was seen in immunoprecipitates isolated from MBP-deficient neurons upon treatment with L1 or control antibody (Fig. 8C ).
In the human 18.5-kDa MBP isoform, the serine at position 152 has been proposed to be the active site for the serine protease activity (43) . In the murine 21.5-kDa isoform, which also contains the exon II-encoded sequences, the putative active site serine is at position 176. To test whether this MBP isoform is an extracellular L1-cleaving serine protease, MBP-deficient cerebellar neurons were treated with L1 antibody 557 after transduction with AAV1 coding for a fusion protein of RFP and the murine 21.5-kDa MBP isoform (34) or coding for a RFP-tagged mutant of 21.5-kDa MBP carrying a serine to alanine exchange at position 176 (S176A). For the control, AAV1 coding for a FIGURE 6 . MBP is expressed by cerebellar neurons and associates with L1 at the surface of cerebellar neurons. A, Western blot analysis of brain homogenates from WT and shiverer (shi) mice with pan-MBP antibody or GAPDH antibody is shown. A representative Western blot (WB) from three experiments with identical results is shown. B, live wild-type cerebellar neurons were stained with pan-MBP antibody followed by staining with Cy3labeled secondary antibody and DAPI. C and D, wild-type and MBP-deficient (shi) cerebellar neurons were treated with L1 antibody 557 (C and D) or 555 (D) followed by staining with pan-MBP antibody, fixation, and staining with Cy2and Cy3-labeled secondary antibodies and DAPI. E, wild-type and MBP-deficient (shi) cerebellar neurons were stained with ␤III-tubulin and pan-MBP antibody (E) after fixation and permeabilization followed by staining with Cy2-and Cy3-labeled secondary antibodies and DAPI. Representative images are shown, and the bars represent 10 m.
RFP-tagged mutant with a serine to alanine replacement at position 139 (S139A) was used. Western blot analysis of cell lysates with the pan-MBP antibody showed that the wild-type and mutated MBP forms were expressed in MBP-deficient neu-rons, with the cellular levels of the wild-type MBP being higher than those of the MBP mutants (Fig. 8D ). Using L1 antibody 172-R, L1-70 was not detectable in non-transduced MBP-deficient neurons after L1 stimulation, whereas significant levels of L1-70 were seen in lysates of L1-stimulated MBP-deficient neurons transduced with AAV1 coding for wild-type MBP or the S139A mutant MBP. However, no L1-70 was detectable after transduction of the S176A mutant MBP (Fig. 8D ). This result shows that MBP with exon II-encoded sequences functions as the serine protease that cleaves L1 and generates L1-70 and that the serine at position 176 is the active center of this protease.
Because a 60-kDa MBP form has been detected at the cell surface of a non-myelinating cell line and sequence analysis suggests that this form is a fusion between MBP and the C-terminal part of a dynamin-like protein (47) , we analyzed if the 60-kDa MBP form is a fusion of MBP and a dynamin-like protein. To test whether the MBP form contains a dynamin portion after its L1-triggered release, cell culture supernatants were collected from wild-type cerebellar neurons after treatment with L1 antibody 557 or non-immune control antibody and from MBPdeficient cerebellar neurons after transduction with AAV1 coding for RFP-tagged wild-type MBP (RFP-MBP) and treatment with L1 or control antibodies and subjected to immunoprecipitation with pan-MBP antibody followed by Western blot analysis of immunoprecipitates with dynamin I antibody. In the immunoprecipitate from the cell culture supernatant of L1-stimulated wild-type neurons one band of ϳ60 kDa was detectable with the dynamin I antibody, and one band of approximately ϳ90 kDa was observed in the immunoprecipitate of the cell culture supernatant from L1-stimulated MBP-deficient neurons transduced with AAV coding for RFP-MBP (Fig. 8E) . No dynamin-immunopositive bands were seen in immunoprecipitates from cell culture supernatants of wild-type or RFP-MBP-expressing neurons after treatment with control antibody (Fig. 8E) . These results indicate that the 60-kDa MBP form contains part of dynamin I or a dynamin I-related protein and that the ϳ30-kDa RFP at the N terminus of 21.5-kDa MBP shifts the apparent molecular mass of the dynamin-containing 60-kDa MBP form to ϳ90 kDa.
Based on the observations that stimulation of cerebellar neurons with L1 antibody 557 results in sumoylation of L1 (9), sumo is secreted (48) , and amyloid precursor protein is sumoylated in its extracellular domain (49) , we hypothesized that the 60-kDa MBP form may be sumoylated. We, therefore, probed the MBP immunoprecipitates from cell culture supernatants of wild-type and MBP-deficient neurons transduced with AAV1 coding for RFP-MBP by Western blot analysis with a pan-sumo antibody. As seen with the dynamin antibody, a ϳ60-kDa band was detected by the sumo antibody in the immunoprecipitate from cell culture supernatants of L1-stimulated wild-type cerebellar neurons, whereas an ϳ90-kDa band was detected in the immunoprecipitates from cell culture supernatants of L1-stimulated MBP-deficient neurons transduced with AAV1 coding for RFP-MBP (Fig. 8E) . No bands were seen in the immunoprecipitates of neurons that had been treated with a non-immune control antibody (Fig. 8E) . These results indicate that the 60-kDa MBP form represents a sumoylated MBP form containing exon II-encoded MBP sequences and part of dynamin I or a dynamin I-related protein.
MBP Cleaves Murine L1 within Its First FnIII Domain at Arg 687 -In a previous study we showed that L1-70 is monosumoylated (9) . Here, we show that cleavage of L1 by MBP generates this transmembrane fragment, which contains the epitope recognized by antibody 557 at the N terminus of the third FnIII domain. Based on these findings and taking the molecular weight of sumo into account, this fragment could be generated by MBP cleavage within the first or second FnIII domain. Because MBP autocatalytically cleaves itself at Gln-Lys 75 and/or Phe-Lys 91 (43) , and amyloid-␤ 42 at several sites including Phe-Arg 5 (44), FIGURE 8 . MBP is released from cerebellar neurons upon L1 stimulation as 60-kDa protein containing exon II-encoded sequences, sumo, and part of dynamin. A, Western blot (WB) analysis of cerebellar neurons from WT and shiverer (shi) mice using pan-MBP or GAPDH antibodies is shown. B, immunoprecipitates (IP) obtained by pan-MBP or control (Ig) antibodies after cell surface biotinylation of cerebellar neurons from WT and shiverer (shi) mice were analyzed by Western blot analysis with pan-MBP antibody or streptavidin (SA). C, cell culture supernatants of cerebellar neurons from WT and shiverer (shi) mice after treatment with L1 antibody 557 or control antibody (Ig) were subjected to immunoprecipitation with pan-MBP antibody and Western blot analysis with a MBP antibody recognizing the exon II-encoded domain. The 60-kDa MBP form is depicted by an arrowhead. D, cerebellar neurons from shiverer mice were incubated without (Ϫ) or with AAV1 coding for RFP-tagged wild-type MBP or MBP S139A or S176A mutants and treated with the L1 antibody 557. Western blot analysis of cell lysates with L1 antibody 172-R, pan-MBP, or GAPDH antibodies is shown. RFP-tagged MBP is depicted by an arrowhead. E, cell culture supernatants from MBP-deficient cerebellar neurons from shiverer mice transduced with AAV1 coding for RFP-tagged MBP (shi RFB-MBP ) and from wild-type cerebellar neurons were collected after treatment with the L1 antibody 557 or control antibody and subjected to immunoprecipitation with MBP antibody specific for exon II-encoded sequences. The immunoprecipitates were probed by Western blot analysis with dynamin I and pan-sumo antibodies. The 60-kDa MBP form and the 90-kDa MBP-RFP form are depicted by an arrowhead. A-E, representative Western blots from three experiments with identical results are shown.
we scanned the first and second FnIII domains of murine and human L1 for potential MBP cleavage sites, e.g. for Gln-Lys, Phe-Lys, or Phe-Arg bonds, and identified Phe-Arg 687 in the first FnIII domain as a potential MBP cleavage site. Importantly, this potential cleavage site is located within a highly conserved sialic acid binding site on L1 (7) .
To verify that L1 is cleaved by MBP within this motif at Phe-Arg 687 , we first analyzed whether L1-stimulated neurite outgrowth, which depends on L1 cleavage by MBP is affected by a previously described mouse L1 synthetic peptide ("siabind"; amino acids 672-705), which contains the potential MBP cleavage site and the sialic acid binding motif and inhibits L1-induced neurite outgrowth (6) . As a control, a scrambled peptide was used. The stimulation of neurite outgrowth with L1 antibody 557 was abolished by siabind, whereas the scrambled peptide had no effect (Fig. 9A ). This result indicates that siabind, but not the scrambled peptide, competitively binds to MBP to impede the interaction of MBP with the putative cleavage site in L1 and thereby to block cleavage of L1 by MBP.
To test whether siabind comprising the putative MBP cleavage site inhibits cleavage of L1 by MBP upon L1 stimulation, we determined the intracellular levels of the MBP-generated L1-70 after stimulation of cerebellar neurons with L1 antibody in the absence or presence of siabind or its scrambled version. Lysates of neurons after L1 stimulation in the presence of the scrambled peptide were positive for L1-70 in Western blot analysis with L1 antibody 172-R, whereas the fragment was not detectable upon L1 stimulation in the presence of siabind (Fig.  9B) . These results indicate that the L1 peptide binds to MBP and interferes with the MBP-mediated cleavage of L1.
To further substantiate that MBP cleaves L1 at Arg 687 , this putative cleavage site was disrupted by exchanging the arginine residue to an alanine residue or by exchanging both the phenylalanine and arginine residues to leucine and alanine residues. L1-deficient HEK293 cells transfected with vectors encoding wild-type L1 or L1 mutants were treated with non-immune control antibody or with L1 antibody 557, which triggers generation of L1-70 in L1-transfected HEK293 cells (9) . Western blot analysis of cell lysates using L1 antibody 172-R showed similar expression levels of wild-type and mutated L1-200 ( Fig.  8C ). After L1 stimulation, L1-70 was seen in lysates of cells expressing wild-type L1 and hardly or not detectable in lysates of cells expressing the L1 mutants (Fig. 9C) .
Generation of L1-70 in L1-transfected HEK293 cells implied that these cells express and release MBP into the extracellular space after L1-stimulation. To confirm this notion, cell-free culture supernatants were isolated from mock-transfected or L1-transfected HEK293 cells upon treatment with antibody 557 or control antibody and subjected to immunoprecipitation with pan-MBP antibody. In Western blot analysis with MBP antibody recognizing exon II-encoded sequences, only the 60-kDa MBP form was detected in the immunoprecipitate from L1-stimulated cells expressing L1, whereas no immunopositive MBP band was detectable in the supernatants from mocktransfected cells treated with L1 antibody or from L1-expressing cells treated with control antibody (Fig. 9D) , indicating an L1-dependent and L1-induced release of the 60-kDa MBP form from HEK293 cells. In summary, our results show that the released 60-kDa MBP form with the exon II-encoded domain cleaves mouse L1 at the Phe-Arg 687 bond in its first FnIII domain to generate L1-70.
Serine Protease Activity of MBP Is Required for Neurite Outgrowth and Cell Migration in Vivo-To investigate whether the serine protease activity of MBP is important for promotion of neurite outgrowth and cell migration in vivo, we injected AAV1 coding for the wild-type 21.5-kDa MBP or the proteolytically inactive S176A mutant into the ventricle system of MBP-deficient shiverer embryos in utero at embryonic day 13.5, isolated cerebellar explants at postnatal day 5.5, cultured these explants for 2 days and analyzed the explants for neurite outgrowth and cell migration (Fig. 10A ). After transduction with wild-type MBP, values for total neurite lengths and migrating cells reached values observed for explants from untreated wild-type mice and were much higher than those observed for explants after transduction with proteolytically inactive MBP (Fig. 10, B and C). After in utero transduction with proteolytically inactive MBP, postnatal cerebellar explants showed impaired neurite outgrowth and cell migration similarly to explants from untreated MBP-deficient shiverer mice (Fig. 10C) . Western blot analysis showed that both the wild-type and mutated MBP were expressed in the cerebellum after transduction of MBP-deficient embryos, whereas L1-70 was only generated after transduction with wild-type MBP (Fig. 10D) . These results show that the serine protease activity is required for MBP-triggered neurite outgrowth and neuronal migration in the cerebellum in vivo and suggest that promotion of neurite outgrowth and cell migration in vivo depends on the generation of L1-70 by the serine protease activity of MBP.
DISCUSSION
Here, we show that extracellular MBP acts as a serine protease that cleaves L1 in its extracellular domain at Arg 687 . The notion that MBP functions as a serine protease has been underscored by the observation that autocatalytic cleavage activity of purified or recombinant MBP and the cleavage of amyloid-␤ by purified or recombinant MBP are abolished in the presence of serine protease inhibitors (43, 44) . In the present study we provide further evidence that MBP is a serine protease: proteolytic cleavage of L1 by MBP yields a transmembrane L1-70 fragment that is not generated in MBP-deficient mice or after mutation of the serine at the enzymatically active site within MBP.
Application of MBP to cultured cerebellar neurons generates L1-70 and induces L1-dependent cellular responses such as neurite outgrowth and neuroprotection against oxidative and glutamate stress, indicating that generation of L1-70 by MBP regulates L1 functions. Functional ablation of extracellular MBP as a serine protease inhibits cleavage of L1 in its extracellular domain and generation of the transmembrane L1-70 and, in consequence, L1-triggered cellular responses in vitro and in vivo, such as neurite outgrowth and neuronal cell migration.
Intriguing and novel findings of our study are the expression of MBP isoforms by cerebellar neurons, the L1-induced release of a 60-kDa MBP form, and the localization of MBP at the surface of cerebellar neurons. We find it highly unlikely that MBP observed in cultures of cerebellar neurons originates as contamination from myelin during culture preparation, because the dissociated cells derive from early postnatal cerebellum containing negligible amounts of myelin, and by far, remnant MBP released from myelin is completely digested by trypsin used for cell dissociation. We also exclude the possibility that MBP derives from oligodendrocytes in the culture, because Ͼ95% of all cells in the culture are neurons, and Ͻ0.5% are oligodendrocytes. Indeed, in situ hybridization experiments confirm that MBP is expressed by cerebellar neurons in vitro and in vivo. It has been shown that MBP isoforms are not only expressed by myelinating oligodendrocytes and Schwann cells but also by non-myelinating cells (47) and by non-neural cells (50) including peripheral T cells, which secrete several MBP isoforms (51) . It is noteworthy in this context that L1 stimula- tion of the human neuroblastoma cell line SH-SY5Y triggers cleavage of L1 and generation of L1-70 (9) , indicating that MBP is also expressed and released by these cells and that cleavage of L1 by MBP at the cell surface yields the L1-70 fragment. Here, we show that MBP is also expressed by L1-deficient HEK293 cells and that L1 stimulation of HEK293 cells transfected to express L1 results in release of a 60-kDa MBP form and MBP-mediated cleavage of L1 at Arg 687 . MBP forms of ϳ60 kDa have been identified in studies using cell lines or myelin-containing fractions (47, 52) . Moreover, the 60-kDa MBP form contains dynamin sequences and citrulline residues and has been detected at the cell surface of a non-myelinating cell line, suggesting that this MBPdynamin fusion protein is released from the cells into the extracellular space (47) . Interestingly, the 60-kDa MBP form released from cultured cerebellar neurons after L1 stimulation is recognized by a dynamin I antibody and, in addition, by a sumo antibody, suggesting that either the MBP or the dynamin part of the fusion protein is sumoylated. The 60-kDa MBP form was also identified in the bovine MBP preparation, which cleaves brain L1, 4 indicating that this MBP form is able to cleave L1.
Our results indicate that the extracellular 60-kDa MBP form released by cerebellar neurons contains murine MBP isoforms that comprise exon II-encoded sequences, such as the 21.5-kDa isoform (19, 24) . In fact, generation of L1-70 after transduction of MBP-deficient cerebellar neurons with AAV1 coding for the RFP-tagged 21.5-kDa MBP form suggests that the 21.5-kDa MBP isoform cleaves L1.
Because the exon II-encoded domain is only present in MBP proteins, but not in golli proteins, and because MBP proteins are not expressed in shiverer mice (19, 24, 53) , one has to conclude that the extracellular 60-kDa MBP form released from cerebellar neurons contains an MBP isoform with the exon IIencoded domain, most likely the 21.5-kDa isoform.
Based on the findings obtained by us and others, we assume that the 60-kDa MBP form represents a sumoylated fusion protein of the 21.5-kDa MBP isoform and a C-terminal portion of dynamin I or a related protein. It remains to be determined by which mechanisms the 60-kDa MBP form is formed and released from neurons.
The 60-kDa MBP form secreted from cerebellar neurons acts as an L1 cleaving protease. A number of observations (19) indicate that different MBP isoforms are localized in sundry cellular compartments as well as in myelin, suggesting miscellaneous functions of the isoforms. For example, when expressed individually in MBP-lacking cells, isoforms containing the exon IIencoding domain are detectable in the cytosol and the nucleus but not at the plasma membrane, whereas the isoforms lacking this domain have been found exclusively at the plasma membrane (54) . Isoforms containing the exon II-encoded domain are highly expressed during fetal development and early in myelination, whereas the forms lacking this domain are expressed later in myelination and represent the primary MBP forms in adult myelin (55, 56). (1), the formation of a fusion protein between a MBP molecule containing the exon II-encoded domain and the C-terminal (CT) part of dynamin or a related protein (2), sumoylation (3), and secretion of the sumoylated MBP-dynamin (4). The extracellular MBP-dynamin fusion protein cleaves sumoylated L1 in its extracellular domain at Arg 687 and generates the transmembrane L1-70 fragment containing the intracellular domain and part of the extracellular moiety (5) . The sequence of the synthetic L1-derived peptide siabind comprising amino acids 672-705 and containing the sialic binding site and the MBP cleavage site is depicted. Sumoylated L1-70 is translocated to the nucleus (6), where it may interact with nuclear proteins or with DNA to regulate nuclear signaling and/or transcription and to induce L1-dependent cellular responses and functions.
An intriguing observation of the present study is that MBP binds to L1 via Le x -carrying N-glycans and that this Le x -dependent interaction regulates several L1-mediated functions. In a previous study we obtained indications that Le x in conjunction with L1 plays a role in neurite outgrowth and myelination (6) . L1 is one of the key players in myelination and maintenance of the myelin sheaths in the central and peripheral nervous systems, and it enhances remyelination of re-grown axons after nerve injury (8, 25, (57) (58) (59) (60) (61) . It is noteworthy that L1 delivery to the lesioned nervous system by different means promotes locomotor recovery, axonal regrowth, and remyelination (57) (58) (59) (60) (61) (62) (63) . Interestingly, levels of the 21.5-kDa MBP isoform, but not other MBP isoforms, are increased in the injured spinal cords of mice transduced by an L1-encoding AAV (58) . This observation may indicate that an elevated L1 level in vivo may trigger the release of distinct MBP isoforms, such as the 21.5-kDa isoform, and that the enhanced release of MBP results in cleavage of L1 and generation of L1-70, the level of which is increased 1 week after spinal cord injury (9) .
Expression of MBP isoforms, particularly the 21.5-kDa isoform, is associated with the pathogenesis of multiple sclerosis (64 -67) , which is characterized by demyelination and remyelination. Interestingly, MBP isolated from multiple sclerosis patients shows higher rates of autocatalytic cleavage than MBP isolated from normal individuals, suggesting that the protease activity of MBP is crucial for its putative role in degenerative diseases associated with demyelination, such as multiple sclerosis (43) .
Based on our findings, we propose that L1 stimulation leads to formation of a MBP-dynamin fusion protein, sumoylation of L1 and the MBP-dynamin fusion protein, and release of the MBP-dynamin fusion protein (Fig. 11) . The extracellular MBPdynamin cleaves sumoylated L1 at Arg 687 , resulting in the generation of sumoylated transmembrane L1-70, which is imported into the nucleus (9) (Fig. 11 ). It is conceivable that the nuclear L1-70 may regulate nuclear signaling and/or gene transcription to induce L1-dependent cellular functions. Thus, our findings imply that L1-regulated release of a 60-kDa MBP form from cerebellar neurons, the Le x -dependent binding of extracellular MBP to L1, the proteolytic cleavage of L1 by extracellular MBP, and the MBP-mediated generation and nuclear import of L1-70 may play pivotal roles in L1-dependent events during development of the nervous system, such as neuritoand myelinogenesis. These MBP-mediated L1 functions may be relevant in many of the cognate functions of L1, such as neurite outgrowth, neuronal survival, and migration, formation, and maintenance of myelin, and synaptic activity and plasticity. The unexpected link between the functions of a major myelin component and a multifunctional neural adhesion molecule of the central nervous system in connection with an important glycan remains to be further investigated in demyelinating and neurodegenerative diseases.
